Whistler mode waves are commonly observed in Earth, Jupiter, and Saturn. The characteristics of the whistler mode waves, especially chorus emissions, and their roles in the precipitation of energetic electrons as a loss process are discussed.
Introduction
Whistler mode waves are common phenomena in the magnetospheres of magnetized planets: Earth (e.g., Tsurutani and Smith, 1974; Li et al., 2009) , Jupiter (e.g., Scarf et al., 1979; Katoh et al., 2011) , Saturn (e.g., Gurnett et al., 1981; Scarf et al., 1982 Scarf et al., , 1983 Hospodarsky et al., 2008) , and Uranus (e.g., Gurnett et al., 1986) . In particular, whistler mode chorus emissions are important to understand acceleration and loss processes of energetic electrons from a few hundred eV to MeV range in the magnetosphere (e.g., Horne et al., 2005; Lam et al., 2010) . Chorus emissions typically consist of two different frequency bands; lower (upper)-band chorus waves can be seen below (over) 0.5f ce, where f ce is the electron cyclotron frequency at the magnetic equator. Chorus emissions can resonate with the energetic electrons satisfying the gyro-resonant condition determined by the ambient plasma condition and wave characteristics of chorus such as the wave frequency and wave-normal angle. Pitch angle scattering through wave-particle interactions drives the precipitation of the energetic electrons into the atmosphere of magnetized planets, results in the loss of the energetic electrons and the enhancement of aurora. Understanding of fundamental characteristics of whistler mode chorus will, therefore, help to unveil the acceleration and loss mechanisms of the energetic electrons. In this paper, we will review recent studies of the characteristics of whistler mode waves, especially chorus emissions, from the point of view of their roles in a loss process of the energetic electrons in the terrestrial, Jovian, and Kronian magnetospheres and resultant auroral electron precipitations.
Earth
For the terrestrial magnetosphere, whistler mode chorus emissions have been considered to play an important role in acceleration and loss processes of energetic electrons with energies in the keV-MeV range during magnetic storms (e.g., Friedel et al., 2002; Miyoshi et al., 2003 Miyoshi et al., , 2007 Horne et al., 2005; Shprits et al., 2008a, b; Lam et al., 2010; Ebihara and Miyoshi, 2011) .
It has been widely accepted that the generation process of chorus is related to the presence of anisotropic energetic electrons in the keV range in the magnetosphere (e.g., Tsurutani and Smith, 1974) . Chorus emissions are generated from a band of whistler mode waves excited through a cyclotron instability driven by a temperature anisotropy of the energetic electrons. Recently, it has been clarified that non-linear wave-particle interactions are essential for both wave evolutions and electron accelerations (e.g., Katoh and Omura, 2007; Omura et al., 2008 Omura et al., , 2009 . Chorus emissions are typically observed at the dawn side of the magnetosphere along the electron drift path of the energetic electrons, that is, outside the region of the plasmapause, and intensify during magnetic storm and substorm periods (e.g., Meredith et al., 2001; Li et al., 2009) . Enhancements of the chorus emissions are correlated with injections of the plasma sheet electrons from the night side, which should be an energy source to generate the chorus emissions (e.g., Tsurutani and Smith, 1974; Meredith et al., 2001; Li et al., 2009) . Gyro-resonant interactions with the chorus emissions accelerate electrons up to MeV energy range, which contribute to the enhancement of the outer radiation belt electron flux (e.g., Miyoshi et al., 2003 Miyoshi et al., , 2007 Horne et al., 2005) . Chorus emissions also cause energetic electron precipitation into the atmosphere through wave-particle interactions. Lam et al. (2010) suggested that lowerband chorus emissions are very important for scattering >30 keV electrons from the magnetosphere into the atmosphere. Precipitating electrons also contribute to auroral emissions. Diffuse aurora is caused by the precipitating electrons in the energy range of several hundred eV to several tens of keV through interactions with electrostatic electron cyclotron harmonic waves (ECH) and whistler mode chorus (e.g., Lyons, 1974; Meredith et al., 2009; Thorne et al., 2010; Ni et al., 2011) . Recent studies of wave and electron data observed by satellites and diffusion theory suggest that the chorus emissions are the dominant cause of the diffuse aurora (e.g., Thorne et al., 2010; Ni et al., 2011; Kurita et al., 2011) . The chorus emissions are also a driver of pulsating aurora (e.g., Nishimura et al., 2010; Miyoshi et al., 2010a; Nishiyama et al., 2011) .
Chorus emissions are observed not only at the night-dawn sides but also at the dayside. Tsurutani and Smith (1974) reported that the dayside chorus emissions are observed over a wide range of latitudes and speculated that the emissions originate from "minimum-B pockets". Compared to chorus emissions observed in the dawn, the dayside chorus emissions are observed at higher L values, L > 6 (e.g., Li et al., 2009) . Dependency of the dayside chorus emissions to geomagnetic activities is weak (e.g., Li et al., 2009; Spasojevic and Inan, 2010) . It is suggested that the dayside chorus emissions are related to the solar wind dynamic pressure (e.g., Salvati et al., 2000; Spasojevic and Inan, 2010; Tadokoro et al., 2011, submitted) . Tadokoro et al. (2011, submitted) examined the spatiotemporal evolution of Cosmic Noise Absorption (CNA) and chorus emissions observed at Syowa Station (L = 6.1) in Antarctica, and the electron temperature anisotropies obtained from the Los Alamos National Laboratory (LANL) geosynchronous orbiting satellites associated with sudden commencements. The observations proposed the following scenario: the compression of the dayside magnetosphere due to an enhancement of the solar wind dynamic pressure causes an enhancement of temperature anisotropy of energetic electrons in the dayside, which drives the generation of chorus emissions and subsequent pitch angle scattering of energetic electrons at several tens of keV into the atmosphere. It is also suggested that the dayside chorus emissions contribute to the dayside aurora through the wave-particle interactions of keV electrons at the equatorial plane, while the waves also contribute to the CNA through the interactions of tens-100 keV electrons at the off-equator.
In addition, whistler mode wave-particle interactions are important for the spatial structure of the radiation belts. The resonant scattering with whistler mode hiss causes the slot region between the inner and outer radiation belt (Lyons et al., 1972) . In the mid-latitude region corresponding to the inner radiation belt, the flux enhancement of precipitating relativistic electrons (>300 keV) during a magnetic storm is reported in Tadokoro et al. (2007 Tadokoro et al. ( , 2009 . It was concluded that the precipitation is caused by banded whistler mode waves with a peak frequency of 30 kHz observed in midlatitudes of the magnetosphere.
Jupiter
Whistler mode chorus emissions in the Jovian magnetosphere are observed by a variety of spacecraft (e.g., Scarf et al., 1979; Horne et al., 2008; Menietti et al., 2008b; Katoh et al., 2011) . The chorus emissions are observed near the magnetic equator in the radial distance range from 6 to 13 Rj, where Rj is the equatorial radius of Jupiter, at all local times (e.g., Menietti et al., 2008b; Katoh et al., 2011) . Horne et al. (2008) proposed that the electron acceleration through interaction with the chorus emissions is an important part of acceleration processes to produce radiation belt electrons: the wave-particle interactions accelerate electrons up to several MeV, and the accelerated MeV electrons are transported inward by radial diffusion where they are further accelerated to ultra relativistic energies (>10 MeV). Tao et al. (2011) estimated the pitch angle/energy diffusion coefficients for Jovian relativistic electrons. Katoh et al. (2011) showed that intensified chorus emissions, in the radial distance range from 6 to 13 Rj, are simultaneously observed with pancake pitch angle distributions of energetic electrons in the energy range 29-42 keV. It is possible that the generation of the chorus emissions are related to an injection of energetic electron in the keV-MeV range. In fact, the radial region of injection events observed by Galileo (Mauk et al., 1999 ) is almost consistent with that of the intensified chorus emissions.
Contribution of energetic electron precipitation by pitch angle scattering through gyro-resonant interactions with whistler mode waves to Jovian aurora has been extensively studied but still has been remained as an unclear problem. Bhattacharya et al. (2001) calculated precipitating electron energy flux for the energy source of the 96 H. Tadokoro et al. diffuse aurora, based on data from the Energetic Particle Detector (EPD) on Galileo, under assumption of the strong diffusion. Assuming that the cause of the electron precipitation is whistler mode waves, the estimated plasma wave power required for the strong diffusion of 100 keV electrons at 10 Rj was 25 pT.
Saturn
For Saturn, chorus emissions were first observed during the Voyager 1 and 2 flybys (e.g., Gurnett et al., 1981; Scarf et al., 1982 Scarf et al., , 1983 . The chorus emissions are also observed by Cassini (e.g., Hospodarsky et al., 2008) . Hospodarsky et al. (2008) conducted a detailed analysis of characteristics of the chorus emissions in the Kronian magnetosphere. It was found that, unlike Earth and Jupiter, the chorus emissions show two different spectral structures depending on the region where those are detected. One type occurred at L shells from 5 to 8 and did not show dependencies of magnetic latitude and magnetic local time. Another type occurred at larger L shells (between L of 8 to 10) near noon side and was usually confined to lower latitudes. Chorus emissions showed good correlation with local plasma injections. The chorus emissions were observed with upper/lower bands with an emission gap at half the electron cyclotron frequency. Menietti et al. (2008a) made a calculation of wave growth rates of whistler mode waves within a local plasma injection and concluded that chorus can be generated by the hot electron component (>1000 eV) with a pancake pitch angle distribution observed by Cassini. Stallard et al. (2008) discovered a secondary auroral oval which is located equatorwards of the main auroral oval. They suggested that this secondary oval is weakly equivalent of Jupiter's main oval: co-rotating velocity in both auroral regions breaks. Mitchell et al. (2009a) reported that energetic electron beams in the energy range from 200 keV to 1 MeV were observed in association with energetic ion beams and broad-band whistler mode waves. Kurth et al. (2009) pointed out a possible relationship between electron beams observed around 10 Rs, where Rs is the equatorial radius of Saturn, and the secondary oval. Emission intensities from the secondary oval were <25% brightness of the main oval (Stallard et al., 2008) . Stallard et al. (2008) speculated that such weak brightness of the secondary oval is due to the lack of plasma source.
In addition to whistler mode wave-particle interactions, it should be emphasized that roles of neutral-plasma interactions are important in considering energetic electron dynamics from several keV to several hundred range and a loss process of the energetic electrons in the Kronian magnetosphere (Tadokoro, 2010) . The Kronian magnetosphere is, in fact, dominated by neutrals. Specifically, neutral-ion ratio is more than 10 (e.g., Richardson, 1998; Melin et al., 2009; Shemansky et al., 2009; Cassidy and Johnson, 2010) . Such neutrals reduce plasmas significantly. Some researchers pointed out the flux drop out of hot electrons inside 5 Rs due to collisions with the neutrals and/or E-ring (e.g., Young et al., 2005; Rymer et al., 2007) . A quantitative study including not only neutrals and E-ring but also whistler mode waves is required to understand loss processes of the energetic electrons.
Discussion and Summary
We have reviewed the characteristics of whistler mode waves, especially chorus emissions, and their roles in the precipitation of energetic electrons from keV to MeV range as a loss process of those in the magnetospheres of Earth, Jupiter, and Saturn. Table 1 summarizes the characteristics of the chorus emissions in the magnetized planets. Many studies have revealed the fundamental characteristics of the chorus emissions using satellites and spacecraft data. The roles of the chorus emissions as acceleration and loss processes of the energetic electrons have also studied, while they have not been fully understood. Further observations of the energetic electrons and wave observations are required to understand the processes.
For the understanding of the energetic electron precipitation through pitch angle scattering by whistler mode waves, particularly for Saturn, a quantitative study of a loss process by energetic electron-neutral interactions is essential because the interactions deeply relate to the dynamics of energetic particles in the Kronian magnetosphere. Energetic ions at several tens of keV in Saturn's magnetosphere, in fact, are significantly depleted by charge exchange with the neutrals (e.g., Krimigis et al., 2007; Paranicas et al., 2008) . As same as ions, it is suggested that energetic electrons at several tens of keV in the magnetosphere are lost by interactions with the neutrals (e.g., Paranicas et al., 2007) . A quantitative study of a loss process by energetic charged particles-neutral interactions, however, has not been clarified. A global neutral density distribution is a fundamental parameter to understand that process. The neutrals in Saturn's magnetosphere consist of water group originated from primarily Enceladus. Some chemical processes such as photo-chemical, electron impact, ionneutral, and neutral-neutral reactions are required to model the water group density distribution (e.g., Johnson et al., 2006; Tadokoro, 2010; Cassidy and Johnson, 2010) . Since these modeled distributions have not completely reproduced observations, further modeling and observational approaches are required to reveal the loss process. Such study of energetic electron-neutral interactions will be also important for Jovian magnetosphere.
For Jupiter, interactions with dust and rings are of our interest. A quantitative study of a loss process of energetic electrons through interactions with dust/ring is also important to understand Jovian/Kronian radiation belts.
A quantitative study of the relationship between chorus emissions and energetic electron distributions is also required to understand roles of chorus in acceleration and loss processes of energetic electrons. Recent simulation studies pointed out the importance of nonlinear resonant interactions to generate chorus emissions (e.g., Katoh and Omura, 2007; Omura et al., 2008 Omura et al., , 2009 ). These theoretical and further observational approaches will help us to understand not only loss processes of energetic electrons but also acceleration processes of relativistic electrons. New in-situ observations in the inner magnetosphere such as RBSP, RESONANCE, and ERG (Miyoshi et al., 2010b) will provide additional insights for the further understanding of the fundamental process of wave-particle interactions in the magnetosphere.
